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Abstract 
Chaetognaths occur in almost all marine habitats, including estuaries, open oceans, tide 
pools, polar waters, marine caves, coastal lagoons, and the deep sea. Their biomass is 
estimated to be 10-30% of that of copepods in the world oceans. Chaetognaths are voracious 
predators and have a great significance in transferring energy from small zooplankton to 
higher trophic levels, including juvenile fish and squid. However, their functional role in 
various oceanic and coastal ecosystems is hardly studied. 
In this study, species composition, species diversity and seasonal abundance of 
chaetognaths were investigated in two hydrographically different areas in the eastern coast of 
Hong Kong. Tolo Harbour, located in the northeastern comer of Hong Kong, is semi-
enclosed and poorly flushed bay with a long history of eutrophication. It opens into the Mirs 
Bay, which is exposed to water currents from the South China Sea. Zooplankton samples 
were collected monthly from July 2003 to July 2005 at six sampling stations. A total of 20 
species of chaetognaths were identified. They included 6 species of the genus Aidanosagitta, 
4 species of the genus Zonosagitta, 3 species of the genus Ferosagitta and 1 species each 
from the genera Serratosagitta, Decipisagitta, Flaccisagitta, Krohnitta, Mesosagitta, 
Pterosagitta and Sagitta. The three most abundant species, Flaccisagitta enflata, 
Aidanosagitta neglecta and Aidanosagitta delicata, comprised 39.7 %, 28.2 % and 22.0 %, 
respectively of the total chaetognath populations in all the samples collected throughout the 
study period. Tolo Harbour supported larger populations, but fewer species of chaetognaths 
than the surrounding open waters. These observations suggest that some species of 
chaetognaths were carried into the coastal waters of Hong Kong by water currents from the 
South China Sea and established large populations in the productive and poorly flushed 
waters of Tolo Harbour. 
I 
Diel vertical migration of Flaccisagitta enflata was studied in Tolo Harbour (8-9 July 
2005 and 15-16 December 2005) and in Mirs Bay (8-9 September 2005 and 12-13 January 
2006). Adult F. enflata carried out more active vertical migration than the juveniles in both 
Tolo Harbour and Mirs Bay. Food availability, pycnocline and hypoxia do not affect the 
vertical distribution of F. enflata. Both adult and juvenile F. enflata fed more actively at 
night. 
The predation impact of Flaccisagitta enflata on the copepods, cladocerans and 
larvaceans were compared between sampling stations inside Tolo Harbour and in the 
surrounding waters outside Tolo Harbour. Though copepods were the most common prey of 
Flaccisagitta enflata, cladocerans and larvaceans were more preferred prey. The predation 
impact of F, enflata on copepods (0-1.14 %) was negligible in the subtropical coastal waters 
of Hong Kong. In contrast, the predation impact on cladocerans (0-7.71 %) and larvaceans 













所有的樣品，一共發現了 2 0 種 毛 顎 類 ， 它 們 包 括 了 六 種 的 屬 ， 四 種 
Zonosagitta ’ 三種 的屬禾口一種分另IJ來自 Serratosagitta ’ Decipisagitta， 
Flaccisagitta，Krohnitta，Mesosagitta，P/ero^sagZ/r^jt 和 的屬。其中三種最豐富的 
品種包括了 Flaccisagitta enflata，Aidanosagitta neglecta 禾口 Aidanosagitta delicata�這三 











這個硏究同時比較了 Flaccisagitta enflata在吐露港及附近水域之間對中型浮游生 
物 捕 食 的 影 響 。 雖 然 橈 足 類 在 的 食 物 中 佔 了 最 大 的 比 重 ， 但 厂 更 加 喜 
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Chapter 1. General introduction 
1.1. Chaetognatha 
Chaetognaths belonged to the phylum Chaetognatha. According to Bieri (1991), the 
relatively isolated phylum included at least 23 genera and 113 species. Exclusively 
predaceous, chaetognaths occurred in almost all marine habitats, including estuaries, open 
oceans, tide pools, polar waters, marine caves, coastal lagoons, and the deep sea (Pierrot-Bults 
and Nair, 1991). The abundance of chaetognaths is often second only to copepods in the 
marine zooplankton (Feigenbaum and Maris, 1984; Shannon and Pillar, 1986; Gibbons, 1992) 
and the biomass of chaetognaths is estimated to be 10-30% of that of copepods (Bone et al, 
1991). Chaetognaths are known to be voracious predators and have a great significance in 
transferring energy from small zooplankton to higher trophic levels, including juvenile fish 
and squid (Bone et al.’ 1991). However, their functional role in various oceanic and coastal 
ecosystems is hardly studied. 
1.2. Morphology and anatomy 
Chaetognaths are elongated, bilaterally symmetrical marine animals (Fig. 1) (Kapp, 
1991). Their body length ranged from 2-120 mm. Their highly transparent body can be 
separated into the head, the trunk and the tail. They contain either one or two pairs of lateral 
fins and a caudal fm. The head, bearing hooks, teeth, vestibular organs, and a ventral mouth, 
is round and flattened. The gut extends from mouth through the trunk, terminating at a 
ventral anus. Paired female reproductive organs lie in the trunk. Paired male reproductive 
organs situated in and on the tail. The central nervous system contains six ganglia in the head 
and a large ventral ganglion in the trunk. 
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Fig. 1. Diagram of a chaetognath (family Sagittidae) (from 
http://www.dnr.sc.gov/marine/sertc/index.html). 
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1.3. Food and feeding behaviour 
All chaetognaths are carnivorous and feed on several trophic levels. They detect prey by 
sensing the movement (Horridge and Boulton, 1967; Feigenbaum and Reeve, 1977). 
Chaetognaths usually rely on copepods because of their high abundance. However, other 
mesozooplankton such as cladocerans and euphausiids can also be a significant part of the 
diet in a given locality (Froneman et al； 1998; Duro and Saiz, 2000; Kehayias, 2003). 
Cannibalistic behaviour is frequently observed in chaetognaths (Feigenbaum, 1991). 
1.4. Locomotion 
Chaetognaths, such as Ferosagitta hispida (Feigenbaum and Reeve, 1977) and 
Parasagitta setosa (Bone et al., 1987), are slightly denser then seawater. Others, such as 
Flaccisagitta enflata (Feigenbaum, 1977) and Parasagitta elegans (Bone et al.’ 1987), are 
neutrally buoyant. Both dense and neutrally buoyant species swim in regular bursts to 
maintain their position in the water, though the neutral buoyant species are usually less active 
than the dense species (Bone and Duvert, 1991). Chaetognaths use rapid and directed 
movement to catch prey and to avoid predators (Bone and Duvert, 1991). 
1.5. Study location 
Hong Kong is located in the northern edge of the South China Sea, which is connected to 
the East China Sea via the Taiwan Strait. To the west of Hong Kong, fresh water discharged 
from the Zhujiang River creates an estuarine environment, especially during the rainy season 
from May to September. To the east, away from the influence of the Zhujiang River, oceanic 
conditions are primarily characterized by high salinity. Hydrography of the coastal seas 
3 
around Hong Kong varies seasonally and is strongly influenced by water circulation driven by 
monsoon winds. The Kuroshio Current, which originates in the equatorial Pacific Ocean and 
is characterized by high temperatures, exerts it influence year-round (Hu et al., 2000) During 
the northeast monsoon period in winter (November to March), the China Coastal Current 
carries cold water masses from the East China Sea into the Taiwan Strait and Hong Kong. 
The northeast monsoon weakens in March. During the summer (May and September), the 
southwest monsoon moves warm water masses from the South China Sea into the coastal seas 
around southern China. This pattern of water circulation exerts a strong influence on the 
zooplankton assemblages in Chinese coastal waters (Hwang and Wong 2005). The 
zooplankton communities in coastal seas around Hong Kong are likely to include species 
from both the East China Sea and the South China Sea. 
1.6. Significance of study 
1.61. Species composition and seasonal abundance 
Very little information is available on the chaetognath fauna in the subtropical coastal 
waters of Hong Kong. In a preliminary survey of the marine zooplankton in the coastal seas 
around Hong Kong, Chen (1982) identified nine species of Chaetognatha, belonging to five 
genera: Aidanosagitta (4 species), Ferosagitta (1 species), Flaccisagitta (1 species), 
Serratosagitta (1 species) and Zonosagitta (2 species). However, no information on the 
seasonal abundance or occurrence of the other species was provided. 
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1.62. Diel vertical migration and diel feeding activity 
Diel vertical migration behaviour is common among zooplankton (Pearre, 1979; Huntley, 
1985; Forward, 1988). The usual pattern of diel vertical migration is for the population to 
stay in the deeper layers during daytime to avoid visual predators and perhaps to gain 
metabolic advantages, and rise to the surface for a few hours at night to feed (Gabriel and 
Thomas, 1988; Longhurst and Harrison, 1989). Diel vertical migration in chaetognaths varies 
among different species. No diel vertical migration by Pseudosagitta lyra or Decipisagitta 
decipiens was found in the western North Atlantic (Cheney, 1985). Adult Parasagitta setosa 
migrated from the deeper waters to the surface during daytime in the south-western parts of 
the Black Sea (Besiktepe and Unsal, 2000). Juveniles of Flaccisagitta hexaptera and 
Ferosagitta robusta and adults of Pterosagitta draco migrated from the deeper waters to the 
surface during daytime in the northern Benguela (Duro et al； 1994). 
Diel feeding rhythm, with a sizable increase in feeding activities at night, has been 
reported for chaetognaths in both the laboratory (Parry, 1944; Reeve, 1964; Nagaswa, 1985) 
and in the field (0resland, 2000; Giesecke and Gonzalez, 2004)，although the data are usually 
not statistically significant. There is no information on diel vertical migration or diel feeding 
activity of chaetognaths in the subtropical coastal waters of Hong Kong. 
1.63. Predation impact 
Chaetognaths comprised a significant proportion of the tola丨 zooplankton stock. The 
predation impact of Flaccisagitta enflata on copepods, their most common prey, was 
estimated in previous studies. In the eastern Mediterranean pelagic water, Flaccisagitta 
enflata consumed up to 7.8 % of the total copepod standing stock per day (Kehayias, 2003). 
In the Mejillones Bay of Northern Cile, Flaccisagitta enflata consumed up to 6 % of copepod 
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standing stock per day in spring (Giesecke and Gonzalez, 2004). However, other studies 
showed that the feeding impact of Flaccisagitta enflata on copepods was only around 1 % in 
the Chesapeake Bay, United States (Bushing and Feigenbaum 1984), the Marion Island, 
Southern Indian ocean (Froneman et al,\99%) and the Zanzibar Channel, Western Indian 
Ocean (0resland, 2000). 
Chaetognaths usually rely on copepods because of their high abundance in the 
environment. However, other mesozooplankton such as cladocerans and euphausiids can be a 
significant part of the diet in a given locality (Froneman et al.，1998; Dur6 and Saiz, 2000; 
Kehayias, 2003). The actual diet of the chaetognaths can be expected to reflect the relative 
frequency of prey abundance (Feigenbaum, 1991). In the coastal waters of northeastern Hong 
Kong, occasional blooming of larvaceans and cladocerans may become an important prey for 
chaetognaths. 
1.7. Objectives 
The objectives of this study are: 1) to provide information on the species composition 
and seasonal abundance of chaetognaths in the subtropical coastal waters of Hong Kong; 2) to 
describe the diel vertical migration behaviour and diel feeding activity of Flaccisagitta 
enflata (the most common species in this study) and 3) to estimate the feeding impact of 
Flaccisagitta enflata on the mesozooplankton. 
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Chapter 2. Species composition and seasonal abundance of Chaetognatha 
2.1. Introduction 
2.11. Species composition 
Du et al. (2003) reviewed the distribution of chaetognaths in oceans around China and 
listed 35 species, belonging to 15 genera: Eukrohnia (5 species), Krohnitta (2 species), 
Pterosagitta (1 species), Aidanosagitta (8 species), Caecosagitta (1 species), Decipisagitta (1 
species), Ferosagitta (3 species), Flaccisagitta (2 species), Mesosagitta (1 species), 
Parasagitta (1 species), Pseudosagitta (1 species), Sagitta (1 species), Serratosagitta (2 
species), Solidosagitta (2 species) and Zonosagitta (4 species) (Table 1). The number of 
species recorded in the Bohai Sea, the Yellow Sea, the East China Sea and the South China 
Sea were 3，13, 28 and 34，respectively. Of the 35 species recorded in the coastal oceans 
around China, only Aidanosagitta crassa could not be found in the South China Sea. These 
observations suggest that the species richness of chaetognaths is higher in the tropical and 
subtropical waters of the South China Sea and the East China Sea than in the temperate waters 
of the Bohai Sea and the Yellow Sea. A preliminary survey of the marine zooplankton in the 
subtropical coastal waters around Hong Kong by Chen (1982) recorded nine species of 
Chaetognatha: Aidanosagitta (4 species), Ferosagitta (1 species), Flaccisagitta (1 species), 
Serratosagitta (1 species) and Zonosagitta (2 species). Species richness was highest in the 
oceanic waters off the eastern coast and decreased towards the brackish and turbid western 
waters. Common species such as Aidanosagitta delicata, Flaccisagitta enflata and 
Zonosagittapulchra occurred in coastal waters all around Hong Kong, whereas some less 
common species such as Aidanosagitta crassa and Serratosagitta pacifica were restricted to 
oceanic waters to the east. 
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Table 1. Occurrence (+) of chaetognath species in China seas. ++ represents dominant 
chaetognath species. The results in this table based on from Du et al. (2003), Chen (1982) 
and the present study. 
Regional Distribution 
Du et al. (2003) Chen (1982) This study 
Species ""Eastern“ 
Bohai Yellow East China South Hong Kong „ „ 
Sea Sea Sea China Sea waters ® waters 
Eukrohnia bathyantarctica + + 
Eukrohnia bathypelagica + 
Eukrohnia fowleri + 
Eukrohnia hamata + 
Eukrohnia sinica + 
Krohnitta pacifica + + ++ + 
Krohnitta subtilis + + 
Pterosagitta draco + + ++ + 
Aidanosagitta bedfordii + + + 
Aidanosagitta crassa ++ ++ + + + 
Aidanosagitta delicata + + ++ ++ 
Aidanosagitta johorensis + + + 
Aidanosagitta neglecta + + + + ++ 
Aidanosagitta Oceania + 
Aidanosagitta regulahs + + + + + 
Aidanosagitta septata + + 
Caecosagitta macrocephala + 
Decipisagitta decipiens + + + + 
Ferosagitta ferox + + + + + 
Ferosagitta robusta + + + 
Ferosagitta tokiokai + + + 
Flaccisagitta enflata ++ ++ ++ ++ -h- -h-
Flaccisagitta hexaptera + + 
Mesosagitta minima + + ++ + 
Parasagitta tenuis + + 
Pseudosagitta lyra + + 
Sagitta bipmctata + + + 
Serratosagitta pacifica + + + + + 
Serratosagitta pseudoserratodentata + + 
Solidosagitta planctonis + + 
Solidosagitta zetesios + 
Zonosagitta bedoti ++ ++ + + + 
Zonosagitta bruuni + + + 
Zonosagitta nagae + + ++ + + 
Zonosagitta pulchra + + + + 
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2.12. Study sites 
The hydrology of the coastal waters of northeastern Hong Kong has been described in 
chapter 1 of this thesis. Tolo Harbour and Mirs Bay are located in the northeastern comer of 
Hong Kong. Tolo Harbour is an almost land-locked bay with an average depth of � 1 0 m and 
a maximum depth of 22 m (Fig. 2). It opens into Mirs Bay in the northeastern comer of Hong 
Kong via a narrow channel. Due to the semi-enclosed topography, poor tidal exchange and a 
long history of eutrophication, the marine environment of Tolo Harbour is characterized by 
high phytoplankton biomass and frequent algal blooms (Morton, 1989). Chaetognaths from 
the South China Sea are transported by the water currents into the coastal areas around Hong 
Kong. Because Tolo Harbour is semi-enclosed, my first hypothesis is that the diversity of 
chaetognaths is lower in Tolo Harbour than in the coastal waters outside Tolo Harbour. 
Copepods are the most important prey of chaetognaths (Feigenbaum, 1979, 1991; 
Froneman et al” 1998; Duro and Saiz, 2000; Kehayias, 2003). The density of chaetognaths 
has been reported to correlate positively with the density of copepods (Froneman et al” 1998). 
Because the density of copepods is much higher in Tolo Harbour than the surrounding coastal 
waters outside Tolo Harbour (personal observation), my second hypothesis is that the density 
of chaetognaths is higher in Tolo Harbour than in the surrounding coastal waters. 
2.13. Objective 
The objective of this chapter is to provide information on the species composition and 
seasonal abundance of chaetognaths in the coastal waters of northeastern Hong Kong. 
Specifically, we will use data collected over two years to test our hypotheses on the 
abundance, species composition and species diversity of chaetognaths in coastal areas with 
different hydrographical characteristics. 
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Fig. 2. Map of Hong Kong showing the locations of sampling stations inside (SI, S2 and S3) 
and outside (S4, S5 and S6) Tolo harbour. 
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2.2. Materials and methods 
2.21. Field sampling 
Samplings were carried out monthly at six sampling stations from July 2003 to July 2005 
(Fig. 2). Station locations were fixed with a GPS device. SI (22®26725"N, 114�14,566"E) 
and S2 (22�28，539"N，114�18’034"E) were located in Tolo Harbour. S3 (22�29’468”N, 
114�2r588，，E) was located at the mouth of Tolo Harbour. S4 (22�26'670"N，114�26’920"E)， 
S5 (22°17560"N, 114°26'920"E) and S6 (22"13'000"N, 1 M�26'920"E) were located in coastal 
waters outside Tolo Harbour. Average water depth was 13 m at S1, 20 m at S2, 21 m at S3, 
22 m at S4, 26 m at S5 and 30 m at S6. Zooplankton samples were collected at each station 
by making duplicate vertical hauls from 2 m above the bottom to the surface with a plankton 
net (50 cm mouth diameter, 125 |xm mesh size) and preserved in 5 % formalin. All samples 
were collected between 1000 and 1600 to minimize diurnal variations in zooplankton 
abundance. Surface (0.5 m) water temperature and salinity (Practical Salinity Scale) were 
measured at the time of zooplankton sampling with a Hydrolab H20 water analysis system. 
2.22. Laboratory analysis 
In the laboratory the volume of each zooplankton sample was adjusted to 100 mL and 
chaetognaths in at least two 12.5 mL sub-samples were identified to species according to Bieri 
(1991) and Zhang and Chen (1983) and counted. One of the most important morphological 
characters for taxonomic identification of chaetognaths is the structure of the reproductive 
organs. Chaetognaths were classified into juveniles, which contain no visible reproductive 
organs, and adults, which contain developing or mature reproductive organs. Most of the 
juveniles could not be identified to species and were not counted or included in our analysis. 
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2.23. Data analysis 
The diversity of Chaetognatha was estimated using the Shannon's diversity index (H): 
s 
H = -Y.pi\npi 
/= 1 
where S is the number of species in the sample and p, is the proportion of species i in the 
samples. Species evenness was estimated using Shannon's equitability (E): 
E = H/\nS 
2.3. Results 
2.31. Temperature and salinity 
Surface water temperature in the study area showed a distinct seasonality (Fig. 3). The 
lowest temperature of ~15°C was recorded between January and February, while the highest 
temperature of � 3 1 °C was recorded between July and September. Surface water temperature 
did not differ significantly among sampling stations (Kruskal-Wallis One Way ANOVA on 
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Fig. 3. Monthly variations in water temperature and salinity at sampling stations inside (SI, 
S2 and S3) and outside (S4’ S5 and S6) Tolo harbour. Each point represents the mean 土 SD of 
surface water (0.5 m) temperature. 
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Surface salinity at the six sampling stations ranged from 19 to 38 ppt (Fig. 3). Variations 
in salinity reflected seasonal patterns in precipitation. Salinity was lower during the rainy 
season from April to September. Below average rainfall was responsible for the unusually 
high salinity encountered during the summer of 2004. Averaged over the entire study period, 
surface salinity ranged from 31.4 ppt at SI (Tolo Harbour) to 33.0 ppt at S4 and S5 (Mirs 
Bay), and did not differ significantly among sampling stations (Kruskal-Wallis One Way 
ANOVA on Ranks, P = 0.08). 
2.32. Species composition 
A total of 20 chaetognath species were identified in this study (Table 2). They included 
six species of the genus Aidanosagitta (A. neglecta, A. delicata, A. johorensis, A. regularis, 
A. bedfordii and A. crass a), four species of the genus Zonosagitta (Z nagae, Z bedoti, Z 
brmni and Z pulchra\ three species of the genus Ferosagitta {F. ferox, F. tokiokai and F. 
robusta) and one species each from the genera Serratosagitta {S. pacifica), Decipisagitta {D. 
decipiens), Flaccisagitta {F. enflata), Krohnitta {K. pacifica), Mesosagitta ( M minima), 
Pterosagitta (P. draco) and Sagitta (S. hipunctata). The three most abundant species, F. 
enflata, A. neglecta and A. delicata (Fig. 4)，comprised 39.7 %, 28.2 % and 22.0 %， 
respectively of the total chaetognath population of all the samples collected throughout the 
study period. The other 17 species were in low abundance and collectively made up only 
about 10% of the chaetognath populations. These species occurred sporadically throughout 
the study period from July 2003 to July 2005 (Fig. 5). Less than 1 % of the chaetognath 
specimens could not be identified to genus level. Averaged over the entire study period, the 
densities of F. enflata, A. neglecta and A. delicata were 9.3，6.6 and 5.2 ind. m"^ , respectively. 
Most low abundance species occurred at densities < 0.6 ind. m'^ averaged over the entire 
study period. Of the 20 recorded species, 13 {A. bedfordii, A. crassa, A. delicata, A. 
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Table 2. Average density and relative abundance of chaetognath species at sampling stations 
inside (SI, S2 and S3) and outside (S4, S5 and S6) Tolo Harbour. The value at each sampling 
station represents the average over the entire study period from July 2003 to July 2005. 
Average density (ind. nr^) Relative 
Species “ “ “ “ “ “ O v e r a l l Abundance 
SI S2 S3 S4 S5 S6 隱 （ % ) 
Flaccisagitta enflata VLS F Iq s l TO 5J ^ ^ ~ 
Aidanosagitta neglecta 12.7 6.9 7.6 7.4 3.3 1.9 6.6 28.2 
Aidanosagitta delicata 19.7 8.8 2.3 0.2 0.1 0.0 5.2 22.0 
Zonosagitta nagae 0.1 0.7 0.4 1.1 0.6 / 0.6 2.5 
Aidanosagitta johorensis 0.5 0.9 0.8 0.1 <0.1 <0.1 0.4 1.7 
Aidanosagitta regularis 0.1 0.5 0.7 0.5 0.3 0.4 0.4 1.7 
Aidanosagitta bedfordii / 0.1 0.2 0.6 0.6 0.5 0.3 1.4 
Aidanosagitta crassa 0.1 0.4 0.5 0.1 0.2 <0.1 0.2 0.9 
Krohnitta pacifica / / <0.1 0.1 0.3 0.2 0.1 0.5 
Ferosagitta ferox / 0.1 <0.1 <0.1 0.3 0.2 0.1 0.4 
Zonosagitta bedoti / / / 0.3 <0.1 <0.1 0.1 0.3 
Decipisagitta decipiens / / / 0.1 0.1 0.2 0.1 0.2 
Mesosagitta minima / / / / 0.1 0.1 < 0.1 0.1 
Ferosagitta tokiokai / 0.1 <0.1 / <0.1 / <0.1 0.1 
Zonosagitta bruuni / <0.1 / <0.1 <0.1 I <0.1 <0.1 
Pterosagitta draco / / / / <0.1 <0.1 <0.1 <0.1 
Ferosagitta robusta / / / <0.1 / < 0.1 < 0.1 < 0.1 
Sagitta bipunctata / / <0.1 / / <0.1 <0.1 <0.1 
Serratosagitta pacifica / / / / / < 0.1 < 0.1 < 0.1 
Zonosagitta pulchra / / / / / < 0.1 < 0.1 < 0.1 
Unidentified species <0.1 0.1 0.1 0.1 O.I <0.1 0.1 0.3 
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Fig. 4. Diagram oiFlaccisagitta enflata (a), Aidanosagitta neglecta (b) and Aidanosagitta 
delicata (c). Scale bar = 1 mm. 
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Fig. 5. Monthly occurrences (•) of chaetognath species at sampling stations inside (SI, S2 
and S3) and outside (S4, S5 and S6) Tolo harbour. 
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johorensis, A. neglecta, A. regular is, F. ferox, F. tokiokai, F. enflata, K. pacifica, S. 
bipunctata, Z bruuni and Z nagae) were found both inside (SI, S2 and S3) and outside (S4, 
S5 and S6) Tolo Harbour, while 7 {D. decipiens, F. robusta, M. minima, P. draco, S. pacifica, 
Z bedoti, Z. pulchra) were found only in coastal waters outside Tolo Harbour. Averaged over 
the entire study period, the density of chaetognaths decreased progressively from 44.8 ind. m"^  
at SI to 10.0 ind. m'^  at S6. Overall, Tolo Harbour supported significantly denser populations 
of chaetognaths than the surrounding coastal waters outside Tolo Harbour (Student's /-test, P 
< 0.01). It must be noted that only the densities of adult chaetognaths were considered. For F. 
enflata, the density of juveniles was four times higher than that of adults (Chapter 4). If both 
juveniles and adults were included, the average densities of chaetognaths will increase 
substantially. 
2.33. Dominant species 
Flaccisagitta enflata occurred throughout the year at all six sampling stations (Fig. 6). 
The highest density of 109 ind. m"^  was recorded at SI in February 2004. Over the entire 
study period, average density ranged from 11.5 ind. m'^  at SI to 5.7 ind. m"^  at S6, but did not 
differ significantly among sampling stations (Kruskal-Wallis One Way ANOVA on Ranks, P 
=0.16). 
Aidanosagitta neglecta could be found at all six sampling stations (Fig. 6), but was 
common only during the summer between August and October. The highest density of 219 
ind. m-3 was recorded at SI in September 2004. Over the entire study period, average density 
of Aidanosagitta neglecta varied from at 12.6 ind. m'^at SI to 1.3 ind. m'^at S6, but 
difference among sampling stations was not statistically significant (Kruskal-Wallis One Way 
ANOVA on Ranks, P = 0.11). 
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Fig. 6. Monthly variations in density of Flaccisagitta enflata, Aidanosagitta neglecta and 
Aidanosagitta delicata at sampling stations inside (SI, S2 and S3) and outside (S4, S5 and S6) 
Tolo harbour. Data of Aidanosagitta delicata at sampling stations outside (S4, S5 and S6) 
Tolo Harbour are not shown due to extremely low densities. 
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Aidanosagitta delicata occurred during the summer in Tolo Harbour (SI, S2 and S3) (Fig. 
6), but was found only scantily outside Tolo Harbour (S4, S5 and S6; data not shown). The 
highest density of 271.7 ind. m"^  was recorded at SI in September 2004. Averaged over the 
entire study period, density was 21.0 ind. m'^at SI and only 0.1 ind. m'^at S6. Aidanosagitta 
delicata was significantly more abundant at SI and S2 than at S4 and S5 (Kruskal-Wallis One 
Way ANOVA on Ranks, P < 0.05). However, A. delicata at S3 was not significantly more 
abundant than S4 and S5 (Kruskal-Wallis One Way ANOVA on Ranks, P > 0.05). No A. 
delicata was found at S6 throughout the entire study period. 
Correlations between the densities of dominant species and physical parameters are 
shown in Table 3. The density of Flaccisagitta enflata correlated with neither temperature 
nor salinity. The densities o^Aidanosagitta neglecta and Aidanosagitta delicata correlated 
positively with temperature and negatively with salinity. 
2.34. Species richness and species diversity 
The species richness of chaetognaths increased from SI to S6 (Table 4). While only 
seven species were identified at SI at the inner part of Tolo Harbour, 18 species were 
recorded at S6，the outer most station in the study area. Correspondingly, species diversity 
was lowest at SI and highest at S6. Species evenness was higher at SI, S2 and S3 than at S4, 
S5 and S6, suggesting that the species-rich chaetognath community outside Tolo Harbour (S4, 
S5 and S6) was dominated by a few abundant species. 
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Table 3. Correlation � between density of dominant chaetognath species and physical 
parameters (Spearman Rank Order Correlation), n is the number of samples collected from 
the entire study period from July 2003 to July 2005. 
n ^ P 
Flaccisagitta enflata 149 0 0.951 
Temperature (^C) Aidanosagitta neglecta 149 0.37 <0.001 
Aidanosagitta delicata 149 0.44 <0.001 
Flaccisagitta enflata 141 -0.03 0.747 
Salinity (ppt) Aidanosagitta neglecta 141 0.44 <0.001 
Aidanosagitta delicata 141 0.36 <0.001 
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Table 4. Species richness (5), species diversity (Shannon's diversity index，H) and species 
evenness (Shannon's equitability, E) of Chaetognatha at sampling stations inside (SI, S2 and 
S3) and outside (S4, S5 and S6) Tolo Harbour over the entire study period from July 2003 to 
July 2005. 
SI S2 S3 S4 S5 S6 
Species richness (5) 7 11 12 14 16 17 
Species diversity (H) 1.17 1.42 1.46 1.29 1.44 1.47 
Species evenness {E) 0.60 0.59 0.59 0.49 0.52 0.52 
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2.4. Discussion 
2.41. Species composition 
Du et al. (2003) reviewed studies on the distribution of chaetognaths in the coastal seas 
of China. A total of 35 species were identified, and species richness was markedly higher in 
the tropical and subtropical waters of the South China Sea and the East China Sea than in the 
temperate waters of the Bohai Sea and the Yellow Sea. The South China Sea, with 34 species, 
had the highest species richness. Nineteen of the 34 species reported by Du et al. (2003) in 
the South China Sea were also found in this study. 
Aidanosagitta crassa was the only species found in this study that was not previously 
recorded in the South China Sea by Du et al. (2003). Aidanosagitta crassa is temperate 
neritic species in the Pacific Ocean (Pierrot-Bults and Nair, 1991). Nagasawa (1984) 
considered A. crassa to be the dominant species in coastal and inland waters of Japan. 
According to Chen (1982), A. crassa occurred regularly in the coastal waters of Hong Kong in 
winter. In this study, A. crassa was found in low numbers both inside and outside Tolo 
Harbour. 
The most abundant species in this study, Flaccisagitta enflata was also one of the most 
abundant species in the Bohai Sea, the Yellow Sea, the East China Sea and the South China 
Sea (Du et al.，2003). In contrast, Aidanosagitta delicata and Aidanosagitta neglecta were 
abundant in samples collected in this study, but rare in previous studies of the open oceanic 
waters of the East China Sea and the South China Sea (Du et al., 2003). Aidanosagitta 
delicata occurred in the East China Sea and the South China Sea, but was absent in the Bohai 
Sea and the Yellow Sea (Du et al., 2003). Along the Chinese coast, A. neglecta was found in 
the Yellow Sea, the East China Sea and the South China Sea, but not in the Bohai Sea (Du et 
al., 2003). Pierrot-Bults and Nair (1991) classified A. delicata and A. neglecta as neritic, 
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warm water species. Tokioka (1979) considered A. delicata and A. neglecta to be most 
common in bays, inlets and lagoons. These observations may explain why A. delicata and A. 
neglecta were uncommon in the temperate waters of the Bohai Sea and the Yellow Sea, but 
were abundant in semi-enclosed bays such as Tolo Harbour. All nine species recorded by 
Chen (1982) from the coastal waters of Hong Kong were also found in this study. 
Flaccisagitta enflata and A. delicata were the numerous species both in samples collected 
by Chen (1982) and in this study. Zonosagitta pulchm, a distant neritic Indo-Pacific species 
according to Pierrot-Bults and Nair (1991), was considered to be common in coastal waters all 
around Hong Kong (Chen, 1982). In this study, however, it was encountered only in January 
2005 at a density of <0.1 ind. m"^  at S6. 
2.42. Flaccisagitta enflata 
Flaccisagitta enflata is an epiplanktonic, temperate and warm-water species (Alvarifto, 
1965; Andreu, 1992) with a wide distribution in the Indian Ocean, the Atlantic Ocean and the 
Pacific Ocean (Pierrot-Bults and Nair, 1991). It is usually the dominant species in regions 
where it occurs. For example, the proportion of F. enflata in the total chaetognath 
populations was 0.54 in the northern Benguela (Duro et al., 1994); 0.32-0.61 in the central 
equatorial Pacific (Terazaki, 1996); 0.64-0.77 in the western part of the Indian Ocean 
(Oresland, 2000) and 0.65 in the southern part of the Adriatic Sea (Batistic, 2003). 
In the coastal waters of eastern Hong Kong, F. enflata occurred throughout the year and 
the maximum density of 109 ind. m'^  was much higher than reports in other areas: 1-7 ind. 
m-3 recorded in the neritic region of the Agulhas Current (Stone, 1969), 13-33 ind. m"^  
recorded in the North Atlantic (Baier and Purcell, 1997b) and 17-31 ind. m"^  recorded in the 
Indian Ocean (0resland, 2000). Pierrot-Bults and Nair (1991) considered F. enflata to 
distribute mainly above 200 m and become relatively rare at depths below 200 m. Lower 
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densities would be obtained if F. enflata was collected over the entire water column. Stone 
(1969) collected F. enflata by making net hauls from 500 m to surface. In comparison, higher 
densities were recorded by Baier and Purcell (1997b) and 0resland (2000) who collected F. 
enflata at 0-34 m and 0-35 m, respectively. 
Flaccisagitta enflata was most abundant during summer and fall in Chesapeake Bay 
(Grant, 1977). In this study, F. enflata displayed no clear seasonal pattern of occurrence, 
although dense populations were most common during the spring and early summer. The 
density of F. enflata correlated with neither temperature nor salinity, suggesting that the 
occurrence of F. enflata was not dependent on temperature and salinity. In Mejillones Bay in 
northern Chile, F. enflata reached peak abundance in summer when water temperature was 
~18°C and declined to much lower numbers in winter when water temperature was below 
15�C (Giesecke and Gonzalez, 2004). Water temperature in Hong Kong averages � 1 8 � C in 
winter. Year-round occurrence in Hong Kong suggests that F. enflata is not restricted to the 
summer in the warmer waters of subtropical oceans. 
2.43. Aidanosagitta neglecta 
According to Pierrot-Bults and Nair (1991), Aidanosagitta neglecta is a neritic or distant 
neritic Indo-Pacific species. Johnson and Terazaki (2003) reported that A. neglecta is usually 
associated with warm water masses. Aidanosagitta neglecta was second to Flaccisagitta 
enflata in terms of relative abundance both inside and outside Tolo Harbour. In the open 
waters of the Yellow Sea, the East China Sea and the South China Sea, however, A. neglecta 
is relatively rare (Du et al. 2003). In this study, A. neglecta was at low abundance throughout 
the period from July 2003 to June 2004. High abundance was observed during the periods 
from August 2004 to November 2004 and from June 2005 to July 2005 at SI, S2, S3 and S4. 
The abundance of A. neglecta at S5 and S6 was comparatively less than the other stations. 
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Though high abundance o f ^ . neglecta was observed in July 2005 at both S5 and S6, the 
abundance was much lower than the other stations in the period from August 2004 to 
November 2004. The maximum density of -220 ind. m"^  was recorded in September 2004 at 
SI. The density of A. neglecta correlated positively with temperature and negatively with 
salinity. This is consistent with the observation that the abundance of A. neglecta increased 
during the rainy summer period when the temperature is higher and the salinity is low. 
2.44. Aidanosagitta delicata 
Aidanosagitta delicata is a neritic species which occurs in bays, inlets and lagoons 
(Tokioka，1979). It has been previously recorded in the East China Sea and the South China 
Sea (Du et al.’ 2003). Aidanosagitta delicata was the third most abundant species in this 
study, although its occurrence was mostly restricted to Tolo Harbour. A dense population of 
~ 270 ind. m"^  was recorded in September 2004 at SI, but numbers were very low during the 
rest of the year. In samples collected at S4, S5 and S6, the density of A. delicata was always 
less than 0.3 ind. m'^. Aidosagitta delicata displayed seasonal occurrence in Tolo Harbour, 
with dense populations appearing only during the summer. 
2.45. Species richness and species diversity 
Twenty of the 35 species of chaetognath reported by Du et al. (2003) from the coastal 
oceans around China were also present in the coastal waters of northeastern Hong Kong. 
Species richness increased progressively from SI to S6. Over the entire study period, 13 
species were collected from SI, S2 and S3 in Tolo Harbour, whereas 20 species were 
collected from S4, S5 and S6 outside Tolo Harbour. Species diversity was markedly lower at 
SI (1.17) and S4 (1.29) than at the other sampling stations (1.42 at S2 to 1.47 at S6). On the 
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other hand, species evenness was higher inside Tolo Harbour than in the coastal waters 
outside Tolo Harbour. The chaetognath communities in Tolo Harbour were dominated by 
Flaccisagitta enflata, Aidanosagitta neglecta and Aidanosagitta delicata. In comparison, 
only F. enflata and A. neglecta were abundant outside Tolo Harbour. Flaccisagitta enflata, 
the most abundant species in this study, was also one of the most dominant chaetognaths in 
China's coastal oceans. Aidanosagitta neglecta and A. delicata were common in samples 
collected in this study, but they were not considered to be common in the South China Sea 
and the East China Sea. 
2.46. Prey abundance 
The marine mesozooplankton in Tolo Harbour is dominated by the copepods. The most 
abundant copepods included Paracalanus sp. and Oithona sp. (Wong et al., 1993). Copepods 
are the major prey of chaetognaths (Feigenbaum, 1979, 1991; Froneman, et al” 1998; Duro 
and Saiz, 2000; Kehayias, 2003). The abundance of copepods was about two to three times 
higher in Tolo Harbour than the coastal waters outside Tolo Harbour (personal observation). 
The density of chaetognaths decreased progressively from SI (44.8 ind. m"^ ) to S6 (10.0 ind. 
m" )，suggesting that the density of chaetognaths might be influenced by food. 
2.47. Spatial influences 
In general, Tolo Harbour supported a high density and a lower diversity of chaetognaths 
than the surrounding coastal waters. The environmental differences between Tolo Harbour 
and the surrounding coastal waters are significant. Coastal areas outside Tolo Harbour are 
fully exposed to ocean currents from the South China Sea. Species transported by water 
currents from the South China Sea will reach the shallow waters off the eastern coast of Hong 
Kong before they enter into Tolo Harbour. Tolo Harbour has a long history of eutrophication 
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(Morton, 1989). There is also evidence that eutrophication may reduce the diversity of 
planktonic organisms (Marcus, 2004). In Tolo Harbour, dense populations of copepods allow 
the chaetognaths to build up large populations, and poor tidal flushing in Tolo Harbour 
reduces the chance that the populations will be dispersed into the open seas outside Tolo 
Harbour by water movements. 
2.5. Conclusion 
This study has provided information on the occurrence and distribution of chaetognaths 
in subtrophical waters of Hong Kong. A total of 20 species was recorded. Nineteen of the 34 
species previously recorded in the South China Sea were also recorded in this study. The 
most abundant species included Flaccisagitta enflata, Aidanosagitta neglecta and 
Aidanosagitta delicata. Tolo Harbour has a higher density and lower diversity of 
chaetognaths than other coastal areas of eastern Hong Kong. 
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Chapter 3. Diel vertical migration and feeding activity of Flaccisagitta enflata 
3.1. Introduction 
3.11. Abundance 
According to Chen (1982), Flaccisagitta enflata was common in the subtropical coastal 
waters around Hong Kong. In this study, F. enflata comprises 39.7 % of the total chaetognath 
populations (Table 2) and is the most abundant species in the coastal waters of eastern Hong 
Kong. 
3.12. Diel vertical migration 
Diel vertical migration behaviour is common among zooplankton (Pearre, 1979; Huntley, 
1985; Forward, 1988). The usual pattern of diel vertical migration is for the population to 
stay in the deeper layers during daytime to avoid visual predators and perhaps to gain 
metabolic advantages, and rise to the surface for a few hours at night to feed (Gabriel and 
Thomas, 1988; Longhurst and Harrison, 1989). Diel vertical migration in chaetognaths varies 
among different species. No diel vertical migration by Pseudosagitta lyra or Decipisagitta 
decipiens was found in the western North Atlantic (Cheney, 1985). Adult Parasagitta setosa 
migrated from the deeper waters to the surface during daytime in the south-western parts of 
the Black Sea (Besiktepe and Unsal, 2000). Juveniles of Flaccisagitta hexaptera and 
Ferosagitta robusta and adults of Pterosagitta draco migrated from the deeper waters to the 
surface during daytime in the northern Benguela (Duro et al.’ 1994), For Flaccisagitta enflata, 
limited migration was observed in the northern Benguela (Duro et al.’ 1994) and no diel 
vertical migration was found in the Central Equatorial Pacific (Terazaki, 1996) and in 
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Mejillones Bay, northern Chile (Giesecke and Gonzalez, 2004). Stratification of the water 
column caused by the thermocline and the halocline may act as an obstacle to the vertical 
migration of chaetognaths (Pierrot-Bults and Nair, 1991). Low dissolved oxygen in the water 
may also act as an obstacle to the vertical migration of chaetognaths (Giesecke and Gonzalez, 
2004). 
3.13. Diel feeding activity 
Diel feeding rhythm, with a sizable increase in feeding activities at night, has been 
reported for chaetognaths both in the laboratory (Parry, 1944; Reeve, 1964; Nagaswa, 1985) 
and in the field (Gresland, 2000; Giesecke and Gonzalez, 2004), although the data are usually 
not statistically significant. According to Feigenbaum (1991), chaetognaths are ambush 
predators that detect prey by sensing water movement. Reduction in light intensity should not 
affect the prey detection ability of chaetognaths, whereas food in the gut may reduce 
transparency and increase the risk of chaetognaths to visual predators. Low metabolic rate in 
the cold bottom layer may also reduce the daytime feeding activity of migrating chaetognaths. 
Many investigators reported that Flaccisagitta enflata fed more actively at night (Feigenbaum, 
1979; Feigenbaum and Maris, 1984; Kimmerer, 1984; Marazzo et al. 1997; 0resland, 2000), 
although there are also several reports of no diel feeding rhythm in F. enflata (Bushing and 
Feigenbaum, 1984). 
3.14. Study sites 
Flaccisagitta enflata has a year-round occurrence and is the most dominant chaetognath 
in terms of numerical abundance in the coastal waters of eastern Hong Kong. Tolo Harbour is 
a nearly land-locked inlet (Fig. 2). Stratification of the water column and development of 
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hypoxia at the bottom layer occur frequently during the summer months from May to 
September. Mirs Bay, a large marine inlet outside Tolo Harbour, is fully exposed to water 
currents from the South China Sea. A thermocline appears during the summer, but sea water 
at the bottom layers rarely become hypoxic. 
3.2. Objectives 
The objectives of this chapter are: 1) to describe the diel vertical migration behaviour of 
Flaccisagitta enflata in Tolo Harbour and Mirs Bay, 2) to determine how the diel vertical 
migration behaviour is affected by food availability and vertical gradients in water 
temperature and dissolved oxygen, and 3) to study diel changes in feeding activity of F. 
enflata. 
3.3. Materials and methods 
3.31. Sample collection 
Diel vertical migration of Flaccisagitta enflata was studied at sampling stations in Tolo 
Harbour (S2) and Mirs Bay (S4) (Fig. 2). Water depth was 20 m at S2 and 22 m at S4. 
Zooplankton sampling was carried out at S2 on 8-9 July 2005 and 15-16 December 2005 and 
at S4 on 8-9 September 2005 and 12-13 January 2006. Chaetognaths were collected nine 
times during the 24-h sampling period in July 2005, December 2005 and January 2006. For 
the study at S4 in September 2005, chaetognaths were collected only eight times during the 
24-h period due to difficult weather. Duplicate zooplankton samples were collected with a 
plankton net (50 cm mouth diameter, 125 |im mesh size) from 0-5 m, 5-10 m and 10-18 m at 
S2 and from 0-5 m, 5-10 m, 10-15 m and 15-20 m at S4, and preserved immediately in 5 % 
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formalin. Vertical profiles of water temperature, salinity and dissolved oxygen were 
measured at noon and midnight with a Hydrolab H20 water analysis system. 
3.32. Laboratory analysis 
In the laboratory the volume of each zooplankton sample was adjusted to 100 mL and 
Flaccisagitta enflata in at least two 12.5 mL subsamples were identified to species according 
to Bieri (1991) and counted. Flaccisagitta enflata were classified into two developmental 
stages according to the development of their reproductive organs. Juveniles consisted of the 
individuals with no visible ova. Adults were individuals with developing ova or mature ova. 
Gut content of the F. enflata was examined under stereomicroscope from a direct dorsal or 
ventral position. The body of F. enflata was transparent enough for prey items in the gut to 
be identified without dissection. Prey items in the anterior half of the gut were not counted 
because of the cod-end feeding (Baier and Puree11 1997a). Prey occurred in the posterior half 
of the gut were identified to the lowest possible taxonomic level and counted. Zooplankton 
compositions in the water column were determined by counting under a stereomicroscope. 
3.33. Data analysis 
Weighted mean depth (WMD) defines the depth stratum in the water column where the 
core populations of animals were located. WMD of Flaccisagitta enflata and major 
zooplankton prey were calculated using the equation of Duro et al, (1994): 
WMD = I.{ni>^d,)/N 
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where di is the depth of sample i, is the number of individuals collected in sample i and N is 
the sum of all individuals collected in all samples at all depths. 
Food containing ratio (FCR, %) is expressed as the frequency of Flaccisagitta enflata 
containing food (Feigenbaum and Maris, 1984). For juvenile F. enflata, FCR for each net 
sample was obtained by examining at least 40 individuals. For adult F. enflata, FCR was 
obtained by examining at least 15 individuals. 
3.4. Results 
3.41. Hydrography 
The vertical profiles of temperature (Fig. 7)，salinity (Fig. 8) and dissolved oxygen (DO) 
(Fig. 9) were similar between day and night. Averaged over the entire water column, water 
temperatures in July 2005, September 2005, December 2005 and January 2005 were 25.3 
27.7 18.8®C and 16.4 respectively. For salinity, the average values for the entire water 
column in July 2005, September 2005, December 2005 and January 2005 were 31.2 ppt, 31.5 
ppt, 33.8 ppt and 33.6 ppt, respectively. For DO，the average values for the entire water 
column in July 2005, September 2005, December 2005 and January 2005 were 4.0 mgL'', 6.1 
mgL'', 7.3 mgL'^and 8.7 mgL"', respectively. Stratification of the water column was recorded 
only at S2 in July 2005. A strong thermocline developed between 2-6 m and DO below 6 m 
was only around 2-3 mgL"'. 
3.42. Flaccisagitta enflata abundance 
Densities of juvenile and adult Flaccisagitta enflata in Tolo Harbour (S2) and Mirs Bay 
(S4) are shown in Table 5. Density of juveniles were always significantly higher than adults 
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Table 5. Density (mean 士 SD) of juvenile and adult Flaccisagitta enflata in Tolo Harbour (S2) 
and Mirs Bay (S4). Samples were collected over 24 h. 
Density (ind. n r” 
“ Jul-05 98.4 士 34.2 
1 Dec-05 11.8 土 2.8 Juveniles e nc " a i , � o i „ . Sep-05 130.1 士 48.7 
Jan-06 4.1 士 1.7 
Jul-05 32.1 ±8.6 
. . D e c - 0 5 10.7 士 6.4 
Adults Sep-05 11.9 土 7.8 
Jan-06 0.7 士 0.5 
37 
(Mann-Whitney Rank Sum Test, P < 0.001), except in December 2005 (Mann-Whitney Rank 
Sum Test, P = 0.056). For both juveniles and adults, densities in summer (July 2005 and 
September 2005) were higher than in winter (December 2005 and January 2006) (Two-way 
ANOVA, Tukey Test, P < 0.001). For both juveniles and adults, densities at S2 were higher 
than at S4 (Two-way ANOVA, Tukey Test, P < 0.05), except for juveniles in summer (Two-
way ANOVA, Tukey Test, P = 0.091). 
3.43, Diel vertical migration 
Weighted mean depth (WMD) measures the water depth where the core of the population 
of Flaccisagitta enflata was located (Table 6). Percentage at surface {PS) measures the 
percentage of population that was located at the surface water layer (0-5 m) (Table 7). 
Flaccisagitta enflata was considered to have performed diel vertical migrations only if both 
WMD and PS were significantly different between day and night. WMD of adult F. enflata 
differed significantly between day and night in Tolo Harbour (S2) in July 2005 and December 
2005, and in Mirs Bay (S4) in September 2005 (Student's Mest, P < 0.001). WMD of adult F. 
enflata did not differ between day and night in Mirs Bay in January 2006 (Student's Mest, P = 
0.098). WMD of juvenile F. enflata did not differ significantly between day and night in all 
samples (Student's /-test, P > 0.05). PS of adult F. enflata differed significantly between day 
and night in Tolo Harbour (S2) in July 2005 and December 2005, and in Mirs Bay (S4) in 
September 2005 and January 2006 (Student's Mest, P < 0.05). PS of juvenile F. enflata did 
not differ significantly between day and night in all samples (Student's Mest, P > 0.05). 
Diel vertical distribution of juvenile and adult Flaccisagitta enflata in Tolo Harbour (S2) 
in July 2005 is shown in Fig. 10. Juveniles tended to stay in the 5-10 m layer from 1000 to 
1600，and moved to the surface (0-5 m) between 1800 and 2000. After midnight, the 
juveniles returned to the 5-10 m layer. Adults seemed to avoid the surface (0-5 m) during 
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Table 6. Diel patterns in average weighted mean depth {WMD) of juvenile and adult 
Flaccisagitta enflata in Tolo Harbour (S2) and Mirs Bay (S4). Samples were collected over 
24 h. Significance of difference between day and night samples is determined by Student's t-
test. n is the number of samples collected. 
謂 D (m) — 
Day Night 户 
n Mean 土 SD n Mean 士 SD 
~ Jul-05 12 6.8 ±0 .9 6 5.7 ± 1.4 0.058 
Dec-05 10 6.4 土 1.1 8 6.7 ±0 .8 0.522 
Juveniles Sep-05 10 9.5 士 0.8 6 9.2 土 1 0.412 
Jan-06 10 10 土 1.5 8 10.3 ±3 .2 0.826 
Jul-05 12 1 0 ± U 6 7 士 2.1 <0.001 
Dec-05 10 8.8 士 1 8 6.6 士 1.1 <0.001 
u s Sep-05 10 14.4 士 2.1 6 10±1 .2 <0.001 
Jan-06 9 10.6 土 4.9 7 7 士 2.7 0.098 
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Table 7. Diel patterns in percentage at surface (PS) of juvenile and adult Flaccisagitta enflata 
in Tolo Harbour (S2) and Mirs Bay (S4). Samples were collected over 24 h. Significance of 
difference between day and night samples is determined by Student's /-test, n is the number 
of samples collected. 
PS (%) 
D ^ Night 尸 
n Mean 士 SD n Mean 士 SD 
~ Jul-05 12 25.9 士 14.8 6 43.7 ± 2 5 ""“ 
I , Dec-05 10 48.6 ± 1 6 8 42.5 ± 8.2 0.339 
IllVPflllP^ 
Sep-05 10 28.6 士 8.6 6 20.3 士 6.5 0.062 
Jan-06 10 16.1 ±11.5 8 26.5 ± 15.8 0.124 
Jul-05 12 3.3 ± 3 6 30.8 ± 29.9 0.044 
, Dec-05 10 25.1 土 13.6 8 44.4 士 9.8 0.004 
AdiilN 
Sep-05 10 4.8 ±6 .7 6 23.3 ± 8.6 <0.001 














































































































































































































































































































































































































most of the day and night. Large numbers were recorded at the surface (0-5 m) only at 2000. 
However, the vertical distribution of both juveniles and adults did not strictly follow a diel 
pattern. Juveniles migrated to 0-5 m water layer at 1800, just before sunset. They returned 
to 5-10 m water layer at 0400，about 2 hours before sunrise. I concluded that only adult F. 
enflata performed diel vertical migration. 
Diel vertical distribution of Flaccisagitta enflata in Tolo Harbour (S2) in December 
2005 is shown in Fig. 11. Juveniles tended to stay at the surface (0-5 m) layer during both 
day and night and showed no discernible diel vertical migration. Adults, on the other hand, 
seemed to avoid the surface (0-5 m) during daytime. They stayed in the 10-18 m layer from 
1000 to 1600 and migrated to surface at between 2100 and 0500. The population migrated 
back to deeper waters at 0800. Again, we concluded that only adult F. enflata carried out 
diel vertical migrations, inhabiting deeper waters during daytime and migrated to surface at 
night. 
Diel vertical distribution of Flaccisagitta enflata in Mirs Bay (S4) in September 2005 is 
shown in Fig. 12. Juveniles distributed evenly along the whole water column during most of 
the day, but a large portion of the population could be found at the 5-10 m layer at midnight 
and 0500. Adults showed slightly more intensitve migration patterns. Most of the population 
stayed below 10 m during daytime and showed an upward migration at 2000. 
Diel vertical distribution of Flaccisagitta enflata in Mirs Bay (S4) in January 2006 is 
shown in Fig.l3. Neither juveniles nor adults showed diel vertical migration. However, it 
must be noted that the density of F. enflata was extremely low in January 2006 (Table 5). 
3.44. Dietary composition 
Diets of juvenile and adult Flaccisagitta enflata in Tolo Harbour (S2) and Mirs Bay (S4) 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 8. Average dietary composition of juvenile and adult Flaccisagitta enflata in Tolo 
Harbour (S2) and Mirs Bay (S4). Samples were collected over 24 h. The number of adult F. 
enflata in January 2006 is too low to show the dietary composition. 
Dietary composition (%) 
Juveniles Adults 
S2 S4 S2 S4 一 
Jul-05 Dec-05 Sep-05 Jan-06 Jul-05 Dec-05 Sep-05 Jan-06 
Copepods 76.4 35.9 33.4 23.6 55.0 37.0 11.4 / 
Cladocerans 10.7 9.4 1.9 2.8 18.3 6.2 2.1 / 
Larvaceans 3.6 21.5 5.5 23.6 8.3 46.0 18.6 / 
Chaetognaths 1.4 0.4 34.3 5.6 1.7 0.4 66.1 / 
Others 8.0 32.8 25.0 44.4 16.7 10.4 1.7 / 
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Copepods were usually the most common prey of both juvenile and adult F. enflata. 
However, cladocerans and larvaceans were occasionally consumed in large numbers. For 
example, in July 2005, calanoids comprised 18 % of the total prey items consumed by adult F. 
enflata. In December 2005, larvaceans comprised more than 40 % of the total prey items. 
Flaccisagitta enflate also showed frequent cannibalism in September 2005. Chaetognaths 
constituted 34 % of the prey eaten by juveniles and more than 50 % of the prey eaten by 
adults. The number of adult F. enflata in the samples was too low for dietary composition to 
be analyzed in January 2006. 
3.45. Prey abundance 
The average densities and compositions of prey in Tolo Harbour (S2) and Mirs Bay (S4) 
are shown in Table 9. Prey densities were much higher in Tolo Harbour than in Mirs Bay. 
Copepods, the most abundant prey, comprised more than 80 % of the mesozooplankton 
population. Cladocerans and larvaceans constituted only a small proportion of the total 
assemblage of prey organisms available to F. enflata. 
Table 10 shows the weight mean depth {WMD) for the prey of Flaccisagitta enflata. 
WMD of prey differed significantly difference between day and night in Tolo Harbour (S2) in 
both July 2005 (Student's /-test, P = 0.04) and December 2005 (Student's r-test, P = 0.032). 
No significant difference in WMD was found in either September 2005 (Student's Mest, P = 
0.405) or in January 2006 (Student's Mest, P = 0.449) in Mirs Bay (S4). Table 11 shows the 
percentage at surface {PS) for the prey of F. enflata. PS of prey differed significantly 
difference between day and night only in July 2005 in Tolo Harbour (S2) (Student's /-test, P 
=0.026). The results indicated that the prey of F. enflata were exhibiting diel vertical 
migration only in July 2005. 
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Table 9. Average density and prey composition of Flaccisagitta enflata in Tolo Harbour (S2) 
and Mirs Bay (S4). Samples were collected over 24 h. 
Average density (ind. nr^) Prey composition (%) 
^ S4 S2 S4 
Jul-05 Dec-05 Sep-05 Jan-06 Jul-05 Dec-05 Sep-05 Jan-06 
Copepods 27110 5350 6106 1296 87.1 84.2 98.5 87.9 
Cladocerans 2361 321 37 9 7.6 5.1 0.6 0.6 
Larvaceans 1660 681 56 170 5.3 10.7 0.9 11.5 
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Table 10. Diel patterns in average weighted mean depth {WMD) of prey of Flaccisagitta 
enflata in Tolo Harbour (S2) and Mirs Bay (S4). Samples were collected over 24 h. 
Significance of difference between day and night samples is determined by Student's 卜test, n 
is the number of samples collected. 
WMD (m) 
Day Night ^ 
n Mean 士 SD n Mean 土 SD 
“ ~ J u l - 0 5 1 2 7.5 ± 0 . 8 6 6.7 ± 0.5 ^ “ 
Dec-05 10 8.1 ± 0 . 9 8 7.1 ± 0 . 8 0.032 
Sep-05 10 1 1 . 3 ± 2 6 10.5 ± 1.5 0.405 
Jan-06 10 9.2 土 0.8 8 8.9 ± 0.9 0.449 
49 
Table 11. Diel patterns in percentage at surface (PS) of prey of Flaccisagitta enflata in Tolo 
Harbour (S2) and Mirs Bay (S4). Samples were collected over 24 h. Significance of 
difference between day and night samples is determined by Student's /-test, n is the number 
of samples collected. 
PS (%) 
Day Night 
n Mean 士 SD n Mean 士 SD 
~ Jul-05 n 26.3 ± 11.2 6 38.4 ±5 .9 0.026 
Dec-05 10 35•士 8 6 8 40.9 ±9 .3 0.179 
Sep-05 10 21 ± 10.2 6 20.5 土 5.6 0.919 
Jan-06 10 32.5 ± 7.9 8 35.土 1 8 0.492 
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Diel patterns in the vertical distribution of prey of Flaccisagitta enflata in Tolo Harbour 
(S2) and Mirs Bay (S4) are shown in Fig. 14 and Fig. 15. In Tolo Harbour, prey organisms 
mainly concentrated in the 5-10 m layer during daytime in July 2005. Migration to the 
surface layers (0- 5 m and 5-10 m) was observed at night between 1800 and 0400. Prey 
organisms distributed quite evenly over the entire water column in December 2005， 
September 2005 and January 2006. 
3.46. Food containing ratio 
Day and night food containing ratio (FCR) of Flaccisagitta enflata in Tolo Harbour (S2) 
and Mirs Bay (S4) are shown in Table 12. FCR was higher at night than in day for both 
juveniles and adults (Student's /-test, P < 0.05)，except for the juveniles in September 2005 
(Student's Mest, P = 0.162). Data in January 2006 was not shown due to low density of both 
juvenile and adult F. enflata 
3.5. Discussion 
3.51. Flaccisagitta enflata abundance 
The seasonal distribution of Flaccisagitta enflata was similar between Tolo Harbour and 
Mirs Bay. In summer, between July and September, high abundance of juveniles occurred in 
both Tolo Harbour and Mirs Bay. In winter, between December and January, low abundance 
of juveniles was recorded. For the adults, though the abundance was always lower than the 
juveniles, similar seasonal distribution patterns were observed. The maximum density of F. 















































































































































































































































































































































































































































































































































































































































































Table 12. Diel patterns in food containing ratio {FCR) of juvenile and adult Flaccisagitta 
enflata in Tolo Harbour (S2) and Mirs Bay (S4). Samples were collected over 24 h. 
Significance of difference between day and night samples is determined by Student's r-test. n 
is the number of samples collected. FCR is not compared in Jan-06 due to low chaetognath 
density. 
FCR (%) — 
Day Night P 
n Mean 土 SD n Mean 士 SD 
~ J u l - 0 5 \ 2 6.4 ± 2.7 6 10.1 ± 4 . 4 0.038 
I Dec-05 7 17 ±7 .5 7 35.2 士 8.6 0.001 
Sep-05 10 12.3 土 5.1 6 16.1 土 4.8 0.162 
Jan-06 0 / 0 / / 
Jul-05 12 2.1 土 2.4 6 7.2 ± 6.8 0.03 
d It Dec-05 10 36.3 士 13.3 8 58.8 土 10.8 0.001 
u s Sep-05 8 21.9 土 14.7 5 55.1 土 7.2 <0.001 
Jan-06 0 / 0 / / 
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For examples, the density of F. enflata was 12-38 ind. m'^  in costal waters off North Carolina, 
United States (Baier and Purcell, 1997b); 1-20 ind. m"^  off the coast of 
Valparaiso, Chile (Ulloa et al’ 2000) and 17-31 ind. m'^  in Zanzibar Channel, western Indian 
Ocean (0resland, 2000). The relatively higher abundance of F. enflata in this study than in 
the other studies was mainly due to the occurrence of large numbers of juveniles in summer. 
3.52. Diel vertical migration 
The results of the diel vertical migrations in Flaccisagitta enflata varied among studies. 
No diel vertical migration of F. enflata was observed in the Central Equatorial Pacific 
(Terazaki, 1996). In contrast, Duro et al. (1994) found that the juveniles of F. enflata in 
northern Namibia carried out short migrations to the surface at night. These studies were 
carried out in areas with depth > 200 m. We have no idea on the diel vertical migrations of F. 
enflata in the shallow coastal waters 20 m). In this study, only adult F. enflata exhibited 
diel vertical migrations. Juveniles and adults may not have the same diel vertical migration 
patterns. In some species, such as Mesosagitta minima, the different developmental stages 
have been observed to carry out joint migrations (Pearre, 1974). However, it is common for 
adults to have more active vertical migrations than the juveniles because of the increased 
swimming ability with body size (Pearre, 1973; Conway and Williams, 1986). It is also 
possible that the juveniles stay at the different water layers to avoid the adults because 
cannibalistic behaviour is common in F. enflata (Pearre, 1982; Kehayia, et al.’ 1996; 0resland, 
2000; Giesecke and Gonzalez, 2004). In this study, adults of F. enflata always inhibited in 
the deepest water in daytime. Juveniles mainly inhibited in the middle water layer in daytime 
or exhibited no obvious diel vertical migrations. 
Food availability was believed to be an important determining factor responsible for 
vertical migration patterns in many zooplankton species (Pearre, 1974，1979; Longhurst and 
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Harrison, 1989). Conover (1968) stated that diel vertical migration is not profitable and will 
reduce to a minimum if the food availability is sufficient. In this study, we only found 
obvious diel vertical migrations of prey of Flaccisagitta enflata in July 2005. Prey organisms 
usually distributed evenly in the entire water column in December 2005, September 2005 and 
January 2006. However, only adult F. enflata performed diel vertical migration. Vertical 
distribution of prey organisms was not coincided with that of either juveniles or adults. This 
suggested that the diel vertical distribution of F. enflata was not related to food availability. 
According to the reflige hypothesis proposed by Gabriel and Thomas (1988) and 
Longhurst and Harrison (1989), chaetognaths perform vertical migration to avoid visual 
predators. Planktonous fish, juvenile black seabreams {Acanthopagrus schlegeli), occurred 
regularly from January to April in Tolo Harbour (Nip, et al.’ 2003). Since juveniles did not 
carry out diel vertical migration in Tolo Harbour in December 2005，it suggested that they 
were not under intense predation pressure from the planktonous fish. Adult F. enflata did 
carry out diel vertical migrations. However, I cannot conclude that the observed diel vertical 
migration in adult F. enflata was due to the presence of planktonous fish because the adults 
also performed diel vertical migration in July 2005, when planktonous fish was less common. 
Flaccisagitta enflata has been recorded to stay above the pycnocline (Terazaki, 1996; 
Dur6 et al” 1994). However, these studies were usually carried out in the deeper waters, 
where the pycnocline occurred between 40 m to 200 m. In this study, the pynocline occurred 
at 4 m in Tolo Harbour in July 2005. Both juvenile and adult F. enflata stayed below the 
pynocline in daytime but moved to above the pynocline at night. The results suggested that 
the diel vertical migration of F. enflata in the shallow coastal waters was not restricted by the 
pynocline. 
Giesecke and Gonzalez (2004) found that Flaccisagitta enflata was restricted to water 
layer above the oxygen minimum zone {DO < 1 mgL''). Roman et al,’ (1993) reported that 
the low oxygen levels (< 0.7 mgL'^) may decrease survival of copepods and affect their 
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vertical distribution in Cheasepeake Bay. Larval Engraulis ringens, one of the most 
important small pelagic fish in the coastal zone off northern Chile, is restricted to oxygen 
levels greater than 0.75mgL"' (Morales et al., 1996). Euphausia mucronata (Krill), one of the 
most abundant zooplankton in the upwelling area of Peninsula Mejillones, northern Chile, is 
usually restricted to oxygen levels greater than 0.5 mgL"' (Escribano et al” 2000). The above 
studies suggested that mesozooplankton is usually restricted to the water layer with oxygen 
levels greater than 1 mgL"'. In July 2005，oxygen levels around 2 mgL'' were recorded in the 
water column below 5 m in Tolo Harbour. However, neither juveniles nor adults of F. enflata 
was restricted to upper 5 m of the water column. Prey of F. enflata was also not restricted to 
the upper 5 m of the water column either. This observation suggests that the vertical 
distribution of F. enflata and its prey was not affected by the low oxygen levels 2 mgL'') in 
Tolo Harbour. 
3.53. Diel feeding activity 
Many investigators reported that Flaccisagitta enflata had higher feeding activity at 
night (Pearre, 1974; Szyper, 1978; Feigenbaum, 1979; Feigenbaum and Maris, 1984; 
Kimmerer, 1984; Marazzo et al” 1997). Bushing and Feigenbaum (1984) found no diel 
feeding activity in F. enflata in Chesapeake Bay. In this study, FCR of both juvenile and 
adult F. enflata was higher at night than during the day. In July 2005, water temperature was 
markedly lower at the bottom than in the surface. Water temperature was almost constant 
throughout the entire water column in September 2005，December 2005, and January 2005. 
Thus, low metabolic rate in the cold bottom layer cannot account for the decreased feeding 
activity of F, enflata. 
Visual predators such as juvenile black seabreams were most abundant in December 
2005 (Nip, et al.’ 2003). Food in the gut reduced transparency and increased the risk of 
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chaetognaths to visual predators. Thus, Flaccisagitta enflata decreased feeding activity in 
daytime day to reduce the risk of predation by the juvenile black seabreams. 
Drits (1981) and Kimmerer (1984) found increased feeding in Flaccisagitta enflata when 
prey abundance increased. Prey organisms usually distributed evenly over the entire water 
column during both day and at night. Yet, increased feeding activity was found at night, 
suggesting that the increased feeding activity were not be related to the high food availability. 
In addition, the lowest feeding activity was observed in July 2005 when prey abundance was 
highest. In September 2005, the increased feeding activity was mainly due to high level of 
cannibalism. In December 2005, increased feeding activity was mainly due to the increased 
feeding on larvaceans. These results suggested that F. enflata may fed selectively. 
3.6. Conclusion 
Adult Flaccisagitta enflata carried out more active vertical migration than the juveniles. 
Food availability, pynocline and hypoxia do not affect the vertical distribution of F. enflata. 
Both juveniles and adults always fed more actively at night. 
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Chapter 4. Predation impact of Flaccisagitta enflata on mesozooplankton 
4.1. Introduction 
4.11. Flaccisagitta enflata 
Flaccisagitta enflata is one of the most abundant species of Chaetognatha in the Bohai 
Sea, the Yellow Sea, the East China Sea and the South China Sea (Du et al., 2003). 
According to Chen (1982), F. enflata is common in the subtropical coastal waters around 
Hong Kong. In the coastal waters of eastern Hong Kong, F. enflata, comprised 39.7% of the 
total chaetognath populations and was the most abundant species (Table 2). 
4.12. Prey 
Chaetognaths usually rely on copepods because of their high abundance. However, 
other mesozooplankton such as cladocerans and larvaceans can also be a significant part of 
the diet in a given locality. For example, larvaceans comprised 21 % of the diet of 
Flaccisagitta enflata in Kaneohe Bay, Hawaii in (Szyper, 1978). Cladocerans comprised 16 % 
of the diet of F. enflata in the eastern Mediterranean pelagic water (Kehayias, 2003). The 
actual diet of the chaetognaths can be expected to reflect the relative abundance of various 
prey items (Feigenbaum, 1991). In the eastern coastal waters of Hong Kong, though 
copepods are the most abundant, other mesozooplankton such as larvaceans and cladocerans 
may become an important prey for F. enflata (see chapter 3). 
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4.13. Predation impact 
The predation impact of Flaccisagitta enflata on copepods has been estimated in 
previous studies. In the eastern Mediterranean pelagic waters, F. enflata consumed up to 7.8 
% of the total copepods standing stock per day (Kehayias, 2003). In the Mejillones Bay of 
Northern Chile, F. enflata consumed up to 6 % of the total copepod standing stock per day in 
spring (Giesecke and Gonzalez, 2004). However, other studies showed that the feeding 
impact of F. enflata on copepods was just around 1 % in the Chesapeake Bay, United States 
(Bushing and Feigenbaum 1984), the Marion Island, Southern Indian ocean (Froneman et al’ 
1998) and the Zanzibar Channel, Western Indian Ocean (0resland, 2000). The predation 
impacts o f f . enflata on the less common prey, such as cladocerans and larvaceans, have 
never been estimated in the previous studies. The predation impacts of these less common 
prey may be higher than that on copepods, because of their relatively low abundance in the 
environment compared to copepods. 
4.14. Feeding rate and digestion time 
Predation impact is dependent on feeding rate and digestion time. Feeding rate was 
found to increase with prey abundance until satiation in the laboratory (Reeve, 1964, 1980; 
Nagasawa, 1984). Digestion time of chaetognaths was found to vary with temperature 
(Feigenbaum, 1991). The abundance of mesozooplankton was higher inside Tolo Harbour 
than outside (personal observation). In Hong Kong, water temperatures range from about 26-
32 ®C in summer and 15-20 in winter. Because feeding rate and digestion time are likely 
to vary with prey abundance and water temperature, respectively, we predicted that predation 
impact on mesozooplankton by chaetognaths may show seasonal and spatial variations. 
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4.2. Objective 
Copepods, which usually accounted for more than 80 % of the total gut contents of 
Flaccisagitta enflata, were most important prey (Feigenbaum, 1979; Bushing and 
Feigenbaum, 1984; Kehayia et al., 1996). Other important prey of F. enflata included 
larvaceans and cladocerans. In this chapter, seasonal and spatial variations in the predation 
impacts of F. enflata on copepods, larvaceans and cladocerans in the subtropical coastal 
waters of Hong Kong were investigated. 
4.3. Materials and methods 
4.31. Sample collection 
Four sampling stations had been chosen for studying the predation impact of 
Flaccisagitta enflata. SI and S2 were located inside Tolo Harbour, while S4 and S5 were 
located outside Tolo Harbour (Fig. 2). The methods of sample collection are described in 
Chapter 2. 
4.32. Sample analysis 
Flaccisagitta enflata was identified and enumerated according to methods described in 
Chapter 3. Both juveniles and adults of F. enflata were included in analysis. Gut content 
analysis and the identification and enumeration of prey in the environment are also described 
in Chapter 3. 
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4.33. Measurement of digestion time 
In order to estimate the digestion time of Flaccisagitta enflata on common prey, live F. 
enflata collected from S2 were cultured in 22-L rectangular aquaria in the laboratory. 
Individuals of F. enflata were sorted out on the same day and kept overnight in aquaria with 
aeration at 23°C. In the following day, individuals in good conditions (transparent body and 
swims in regular short bursts) were then transported to 250 ml polystyrene culture chambers. 
Each culture chamber contained a single chaetognath. Water in the culture chamber was 
gently aerated. The culture chambers were immersed in water baths with water temperature 
adjusted to 18, 23 or 28 The chaetognaths were allowed to acclimatize for one hour. 
Copepods collected from S2 were used for feeding experiments. Live copepods ( � 5 0 0 
individuals) of around 1 mm in body size, mostly including calanoids and cyclopoids, were 
transported into each culture chamber during the feeding experiment. Feeding behaviour was 
observed by eye. Chaetognaths which ingested a prey, were transformed from the original 
culture chamber to a new culture chamber with no prey items. Digestion time was defined as 
the duration between prey capture and egestion of prey remains by the chaetognath. 
4.34. Data analysis 
The methods of obtaining food containing ratio {FCR) are described in Chapter 3. Prey 
selectivity (D) of Flaccisagitta enflata was estimated using the equation of Jacobs (1974): 
D = {r-p)l[{r+p)-lrp)] 
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where r is the proportion of the prey in the gut; p is the proportion of the prey in the 
environment. For both juveniles and adults of F. enflata, the value of D for each net sample 
was obtained by examining the gut contents of at least five fed individuals. 
Daily feeding rate {FR, prey individual'' d'') of Flaccisagitta enflata was estimated 
according to the equation of Feigenbaum (1991): 
FR = {NPCIT)^1A 
where NPC is the number of prey per chaetognath; T is digestion time in hours. Digestion 
time of F. enflata was estimated in the laboratory. For the juveniles of F. enflata, NPC for 
each net sample was obtained by examining at least 40 individuals. For the adults, NPC for 
each net sample was obtained by examining at least 15 individuals. 
The predation impact {PI, %) of Flaccisagitta enflata on a particular prey was then 
calculated by combining F. enflata daily feeding rate with prey densities. The results are 
expressed as a percentage of prey's standing stock removed daily by F. enflata (Froneman et 
al.’ 1998): 
P I= iFRxN) /M>^ 100% 
Where FR is the daily feeding rate; N is the density of F. enflata,’ M is the density of prey. 
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4.4. Results 
4.41. Water temperature 
Surface water temperature in the study area showed distinct seasonality (Fig. 3). The 
period from May to November was considered to be the warm season with water temperature 
ranging from 24.3-31.5°C. The period from December to April was considered to be the cold 
season with water temperature ranging from 14.4—22.1 °C. 
4.42. Flaccisagitta enflata distribution 
Flaccisagitta enflata occurred throughout the year at all sampling stations (Fig. 16). The 
highest juvenile density of 154.8 ind. m'^  was recorded at S2 in October 2005. The highest 
adult density of 34.2 ind. m"^  was recorded at S5 in July 2005. Over the entire study period, 
average densities of the juveniles at SI, S2, S4 and S5 were 20.3, 32.2, 45.9 and 26.0 ind. m"^ 
respectively. Average densities of the adults over the entire study period at SI, S2, S4 and S5 
were 5.2, 8.8, 10.2 and 6.4 ind. m"^ , respectively. In general, monthly distribution of juvenile 
F. enflata was quite similar to that of adults. However, only SI and S5 showed significant 
positive correlation between juveniles and adults (Spearman Rank Order Correlation, P < 
0.05). At S4 and S5, the abundance of F. enflata was much higher in the hot season than in 
the cold season. However, high abundance of juveniles and adults were recorded at SI and 
S2 only in the beginning and end of the warm season. The density of adults at S2 was 
exceptionally high during the cold season. 
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4.43. Prey distribution 
Common prey of Flaccisagitta enflata included copepods, cladocerans and larvaceans. 
The distribution of prey showed distinct seasonality (Fig. 17). High prey abundance was 
found in the warm season, while low prey abundance was found in the cold season. Prey 
density decreased progressively from SI to S5. Prey composition was similar among 
sampling stations, with copepods comprising around 80 % of the total prey. Cladocerans, and 
larvaceans ranked second and third, respectively, in terms of abundance. No correlation was 
found between the density of prey and the density of F. enflata (Fig. 18). 
4.44. Food containing ratio 
In total, 11932 juveniles and 2807 adults were examined to obtain the food containing 
ratio {FCR) of Flaccisagitta enflata (Table 13). FCR of juveniles ranged from 0 to 13.3 %. 
FCR of adults ranged from 0 to 63.7 %. FCR of adults were significantly higher than that of 
juveniles (Mann-Whitney Rank Sum Test, P < 0.001). No correlation was found between 
FCR of juveniles and prey density. In contrast, a negative correlation was found between 
FCR of adults and prey density (Fig. 19). 
4.45. Gut content 
Gut contents of juvenile and adult Flaccisagitta enflata are shown in Table 14. For 
juveniles, the most common prey was copepods, which comprised more than 60 % of the gut 
content at SI and S2. At S4 and S5, both copepods and cladocerans were common in the diet. 
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Fig. 17. Monthly variations in density of prey of Flaccisagitta enflata at sampling stations 
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Fig. 18. Linear regression between prey densities and densities of juvenile and adult 
Flaccisagitta enflata. 
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Table 13. Food containing ratio (FCR) of juvenile Flaccisagitta enflata at sampling stations 
inside (SI and S2) and outside (S4 and S5) Tolo Harbour. FCR of juveniles are obtained by 
examining at least 40 individuals. FCR of adults are obtained by examining at least 15 
individuals. 
FCR (%) — 
Juveniles Adults 
SI S2 S4 S5 SI S2 S4 S5 
Jul-04 / 0 • / / r i o “ 
Aug-04 / / 0.7 / I I 3.9 16.2 
Sep-04 / 0 1.0 0.9 0.0 / 13.0 30.6 
Oct-04 2.1 0.7 0.8 2.4 46.9 15.3 20.0 27.3 
Nov-04 2 1.3 2.2 3.4 5.6 18.8 22.2 4.5 
Dec-04 5.1 6.1 6.4 2.3 44.7 43.7 28.9 / 
Jan-05 / 4 / / / 21.5 / / 
Feb-05 / 9.3 6.2 / / 35.6 46.4 / 
Mar-05 / 2.1 1.2 0.0 / 15.6 / / 
Apr-05 / 2 / 7.3 / 30.0 54.2 31.8 
May-05 2.3 5.2 7.7 7.1 / 22.7 21.7 38.6 
Jun-05 7.2 4.2 5.3 2.3 3.6 6.3 12.0 4.7 
Jul-05 / 2.5 8.6 13.3 / 8.7 16.5 63.7 




• y = -0 .00004+ 4.1 
r2 = 0 .008 
10 • 
拳 
5 - • • • 
” • • • • • • • 
拳 • 參 • 華 • • • • 0 H • 1 • ~ • ~ . 
妥 0 10000 20000 30000 
—‘ 
g Adults 
k 80 1 
y = -0.0009X + 31.6 
, R2 = 0 .17 
6 0 • 
拳 
• . 眷 • 
40 - • 
0 1 • • I ‘ ‘ I 
0 10000 20000 30000 40000 
Prey density (ind. m"^ ) 
Fig. 19. Linear regression between prey densities and food containing ratio (FCR) of juvenile 
and adult Flaccisagitta enflata. 
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Table 14. Dietary composition of juvenile and adult Flaccisagitta enflata at sampling stations 
inside (SI and S2) and outside (S4 and S5) Tolo Harbour over the entire study period from 
July 2004 to July 2005. 
Dietary composition (%) 
Juveniles Adults 
SI S2 S4 S5 SI S2 S4 S5 
Copepods ^ ^ 3X3 4 8 J 3Z2 56.2 
Larvaceans 7.1 9.2 14.0 13.5 41.0 33.1 35.6 18.2 
Cladocerans 7.1 13.2 36.7 33.8 10.3 9.7 20.5 19.8 
Chaetognaths 4.8 5.3 2.7 5.4 0.0 6.5 5.5 3.3 
Others 11.9 6.6 9.3 6.8 0.0 1.6 6.2 2.5 
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copepods, cladocerans and larvaceans were the common prey. Chaetognaths were not 
common in the diet of either juvenile or adult F. enflata. 
4.46. Prey selectivity 
Copepods were always negatively selected by Flaccisagitta enflata. In contrast, 
cladocerans and larvaceans were always positively selected, except for those few cases where 
they were not consumed at all by F. enflata (Table 15 and Table 16). Significant positive 
correlations occurred between prey densities and gut contents of juveniles and adults of F. 
enflata (Fig. 20). Copepods were always the most abundant prey in the environment. In 
comparison, larvaceans were relatively less abundant in most samples. Although cladocerans 
were less abundant in most samples, they occasionally comprised around 50 % of the prey in 
the environment. Thresholds in prey selectivity was observed. Copepods formed a high 
percentage (>30 %) of the gut content of F. enflata only when their percentage abundance in 
the environment were higher than 80 %. In contrast, larvaceans formed a high percentage of 
the gut content even when their percentage abundance in the environment was just higher than 
5 %. Cladocerans formed a high percentage of the gut content when their percentage 
abundance in the environment was higher than 20 %. 
4.47. Predation impact 
The digestion time for copepods decreased as water temperature increased (Fig. 21). The 
digestion times for larvaceans and cladocerans could not be determined because very few 
attacks were actually recorded in the laboratory. I assumed that the digestion times of 
larvaceans and cladocerans were similar to the digestion time of copepods. 
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Table 15. Prey selectivity (D) of juvenile Flaccisagitta enflata on copepods, cladocerans and 
larvaceans. D of juveniles are obtained by examining at least 10 individuals which contain 
prey items in gut. 
Prey selectivity index 
— ^ -Copepods Cladocerans Larvacean. 
SI “ I " ：丨 S2 S4 S . S, S ^ - r . . 
Aug-04 / / ； / O f j 丨 0.44 / 
Sep-04 / / / / I I I ! ' I l l 
Oct-04 / 0.41 I I / o n / / ' ' ' 
Nov-04 / / / / I 1 ‘ / / / 
Dec-04 / -0.37 / / I I I I I I / 
Jan-05 丨 ’丨 I I I I I ' , 1 0.32 丨 , 
Feb-05 / / / / I I I , I I I ! 
Mar-05 / / / / I I I ' I I I 
Apr-05 / / / / I I I ' / / / / 
= 5 : 5 , 二 二 r Z 丨 � . r O f T ； 0,20 0 .H -0:70 
J ^ _ 丨 / -0:印-0.28 -/ ‘； 0：82 ., ‘； ‘； -0-f ( 
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Table 16. Prey selectivity (D) of adult Flaccisagitta enflata on copepods, cladocerans and 
larvaceans. D of adults are obtained by examining at least 10 individuals which contain prey 
items in gut. 
Prey selectivity index 
Copepods Cladocerans Larvaceans 
SI S2 S4 S5 SI S2 S4 S5 ~ S 1 S2 S4 S5 
Jul-04 / / 1083 / / / / 1 1 1 0 8 9 / ~ 
Aug-04 / / -0.52 / / / / / I I 0.13 / 
Sep-04 / / -0.57 0.26 / / 0.72 -0.68 / / -1 0.47 
Oct-04 / -0.51 / -0.20 / 0.45 / / -0.01 / 0.36 
Nov-04 / / / / / / / / / -1 / / 
Dec-04 -0.90 -0.78 -0.72 / -1 / / / 0.95 0.83 0.76 I 
Jan-05 / -0.86 1 1 / -1 / / / 0.89 / / 
Feb-05 / -0.72 -0.97 / / 0.74 -1 / / 0.71 0.98 / 
Mar-05 / / / / / / / / / / / / 
Apr-05 / -0.84 -0.79 / / 0.09 0.36 / / 0.84 0.66 / 
May-05 / / -0.64 -0.88 / / 0.14 0.85 / / 0.64 -0.32 
Jun-05 / / -0.81 / / / -1 / I I 0.14 / 
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Fig. 20. Correlation between gut composition and environment composition of prey of 
juvenile and adult Flaccisagitta enflata (Spearman Rank Order Correlation). For juveniles, 
copepods (r, = 0.683，P = 0.036)，cladocerans (r, = 0.89，P < 0.001) and larvaceans (r, = 0.04， 
P = 0.88). Adults: copepods (r, = 0.47，P = 0.06)，cladocerans (r, = 0.76, P < 0.001) and 
larvaceans (TS = 0.32 P = 0.2). 
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Fig. 21. Linear regression between temperature and digestion time of Flaccisagitta enflata. 
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In general, the predation impact of Flaccisagitta enflata on larvaceans was higher than those 
on copepods and cladocerans (Table 17). The predation impact of F. enflata on copepods 
was extremely low, while the predation impact on cladocerans was lower than that on 
larvaceans but higher than that on copepods. Predation impacts on copepods, larvaceans and 
cladocerans did not differ statistically (Mann-Whitney Rank Sum Test, p > 0.05). Significant 
seasonal variation in predation impact was found only in larvaceans (Mann-Whitney Rank 
Sum Test, P = 0.045), with values higher in the cold season than in the hot season. Predation 
impacts of F. enflata on copepods, larvaceans and cladocerans were higher at S4 and S5 than 
at SI and S2, but only the values for copepods and larvaceans showed significant spatial 
differences (Mann-Whitney Rank Sum Test, copepods: P = 0.036, larvaceans: P = 0.08， 
cladocerans: P = 0.073). 
4.5. Discussion 
4.51. Flaccisagitta enflata Distribution 
Flaccisagitta enflata correlated positively with water temperature at S4 and S5. 
Densities of F. enflata were highest between May and November when water temperature 
was high and lowest between December and April when water temperature was low. The 
densities of F. enflata did not correlate with water temperature at SI and S2. In MejiHones 
Bay in northern Chile, F. enflata reached peak abundance in summer when water temperature 
was ~18°C and declined to much lower numbers in winter when water temperature was ~15°C 
(Giesecke and Gonzalez, 2004). Water temperature in Hong Kong averages � 1 8 � C in winter. 
The year-round occurrence of F. enflata in Hong Kong suggests that this species is not 
restricted to the summer in the warmer waters of subtropical oceans. 
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Table 17. Predation impact (PI) of Flaccisagitta enflata on copepods, cladocerans and 
larvaceans at sampling stations inside (SI and S2) and outside (S4 and S5) Tolo Harbour. 
Each value is the average from samples collected over the entire study period from July 2004 
to July 2005. 
PI{%) 
Copepods Cladocerans Larvaceans 
Mean Range Mean Range Mean Range 
” S I ^ 0.18-0.34 ^ 0 - 1.21 LSI 0 - 5.27 
S2 0.28 0-1.14 0.97 0-7.42 1.60 0-6.19 
54 0.35 0.06-0.81 1.73 0-7.71 1.86 0-6.17 
55 0.44 0.04- 1.08 1.03 0 - 3.31 1.49 0 - 4.82 
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Pugh (1986) noted that the spatial distribution patterns of zooplankton predators often 
coincide with those of their preys. The density of chaetognaths correlated positively with the 
density of copepods (Froneman et al., 1998). In this study, the abundance of 
mesozooplankton was closely related to the water temperature. Prey density in the coastal 
waters of Hong Kong is relatively higher than in the other areas. In Marion Island, Southern 
Indian ocean, density of copepods was less than 1000 ind. m'^  (Froneman, et al” 1998). In 
western Mediterranean pelagic water, density of copepods was around 500-1700 ind. m"^  
(Duro & Saiz, 2000). In eastern Mediterranean pelagic water, density of copepods was less 
than 300 ind. m'^  (Kehayias, 2003). In Zanzibar Channel, Western Indian Ocean, density of 
copepods was 4744-9054 ind. m'^, which is comparable to this study (0resland 2000). No 
correlation was found between the density of prey and the density of F. enflata. Food 
availability had limited effect on the distribution of F. enflata. 
4.52. Food containing ratio 
Food containing ratio {FCR) of both juvenile and adult Flaccisagitta enflata did not vary 
among seasons and locations (Mann-Whitney Rank Sum Test, P > 0.05). Food availability 
was not a limiting factor on FCR, even when the seasonal and spatial differences on prey 
abundance were taken into account. FCR was significantly higher for adults than juveniles 
(Mann-Whitney Rank Sum Test, P < 0.001). This may due to the higher predation ability of 
the adults. 
FCR is an indicator of feeding rate. Feeding rate of chaetognaths increases with prey 
abundance until satiation in the laboratory (Reeve 1964, 1980; Nagasawa, 1984). The feeding 
rate of Aidanosagitta crassa stopped increasing after the density of prey (copepods) had 
reached around 200000 ind. m'^  in laboratory (Nagasawa, 1984). We assumed that the prey 
abundance never reached satiation levels in our field study. The absence of correlation 
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between prey abundance and FCR in juveniles suggests that FCR of juveniles were not 
affected by prey abundance. However, negative correlation between prey abundance and 
FCR was found for adults. The average FCR of adults increased gradually from SI to S5. In 
contrast, average prey densities decreased progressively from SI to S5. This may explain the 
negative correlation between prey abundance and FCR in adults. F. enflata in Mirs Bay fed 
more intensively despite the lower prey densities. 
4.53. Gut content 
Among individuals of Flaccisagitta enflata, which contained prey items in gut, more 
than 99 % contained only one prey item and less than 1 % contained prey items in the anterior 
part of the gut. Common prey in the gut content of Flaccisagitta enflata included calanoids, 
cyclopoids, harpacticoids, larvacenas, Pseudoevadne sp., Penilia sp. and chaetognaths. Less 
common prey included Pleopis spp.，nauplii and crustacean larva. Copepods were always the 
most common prey of F. enflata, but their percentage composition in the gut contents was 
considerably lower than those reported in other studies. For example, copepods comprised 
94.8 % of the total gut contents of F. enflata in Gulf Stream near Miami, Florida (Feigenbaum, 
1979)，85.3 % in Chesapeake Bay (Bushing and Feigenbaum, 1984) and 89.4 % in Eastern 
Mediterranean pelagic waters (Kehayia et al” 1996). Larvaceans and cladocerans occurred 
frequently in the gut content of F. enflata collected in this study. The percentage composition 
of larvaceans and cladocerans in the gut content could be as high as that of copepods in some 
samples. For example, larvaceans and copepods constitute respectively 35.6 % and 32.2 % of 
the gut content of adults at S4 (Table 13). This is rarely mentioned in other studies. The 
composition of gut content varied with the developmental stages of F. enflata, seasons and 
locations. Both larvaceans and cladocerans were more common in adults than in juveniles. 
Larvaceans were more common in the gut content of F. enflata collected outside Tolo 
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Harbour (S4 and S5) than in F. enflata collected inside Tolo Harbour (SI and S2). Seasonal 
variations in the gut contents were closely related to prey abundance. The percentage of 
copepods, larvaceans and cladocerans in the gut content of F. enflata correlated positively 
with their abundance in the environment. F. enflata showed a strong preference for 
larvaceans. In many cases, larvaceans constituted more than 50% of the prey in the gut of F. 
enflata even though their percentage composition in the environment was just around 10 %. 
Similarly, the percentage of cladocerans in the gut content of F. enflata could be higher than 
50 % when their percentage composition in the environment was 20-60 %. In comparison, 
copepods form a major portion of the gut content of F. enflata only when they comprised 
more than 80 % of the prey populations. These observations suggest that F. enflata preferred 
larvaceans and cladocerans to copepods. Larvaceans constituted an important prey for F. 
enflata even when they were relatively rare in the environment. Cladocerans were preyed 
upon when they were common. Surprisingly, copepods were the main diet of F. enflata only 
when larvaceans and cladocerans were in low abundance. 
4.54. Cannibalism 
Cannibalism is a common phenomenon in chaetognaths. Flaccisagitta enflata preyed 
cannibalistically on other species of chaetognaths. On average, chaetognaths constituted 
9.5% (0.7-44.8) of the prey in F. enflata, compared to 1.7 % (0—3.1) of the prey in 
Parasagitta elegans (Feigenbaum, 1991). In this study, chaetognaths formed an average of 
4.2 % (0-6.5) of the prey in F. enflata. It is lower than the cannibalistic feeding rates reported 
by Feigenbaum (1991). Giesecke and Gonzalez (2004) pointed out that cannibalism may be 
an adaptive behaviour when food is limited. The productive subtropical coastal waters of 
Hong Kong supported dense populations of mesozooplankton and provide sufficient amount 
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of prey for F. enflata. This may explain why the cannibalism of F. enflata in our study is 
comparatively lower than in the other studies. 
4.55. Prey selectivity 
Feigenbaum (1991) suggested that Flaccisagitta enflata showed selectivity in its feeding 
behaviour. Selection was based on size, shape, aggregation behaviour and movement patterns 
and escapae ability of prey. Correlation between prey in the gut and in the environment 
provides some clues on the feeding selectivity of F. enflata. Cladocerans and larvaceans were 
the more preferred prey then copepods. Copepods were eaten in large quantity only when 
both of the cladocerans and larvaceans were in low abundance. Prey selectivity index further 
supports this conclusion. Cladocerans and larvaceans were always positively selected. In 
contrast, copepods were always negatively selected. F. enflata detects prey by 
hydromechanical signals (Feigenbaum, 1991). The specific signals of larvaceans and 
cladocerans may be more attractive or more detectable to F. enflata than those of copepods. 
However, I do not have any observation to on support this argument. 
4.56. Digestion time 
Digestion time (7) is the time from prey ingestion to defecations. T varies with 
temperature and also with prey size (Feigenbaum, 1991). The relationship be tween�and 
chaetognath size is unclear. Some reports suggested that T is unrelated to chaetognath size 
(Szyper, 1978; Sullivan, 1980). r of juveniles and adults were recorded separately and no 
significant difference in r was found between juveniles and adults. However, the effect of 
temperature o n � w a s ignificant (one way ANOVA, Tukey Test, P < 0.05). Iwas longest at 
18 and shortest at 28 At 23®C, mean ToiF. enflata for copepods at was 114.6 min. 
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This was shorter than the 190 min reported by Feigenbaum (1979)，but longer than the 60 min 
reported by Szyper (1976) at the slightly lower temperature of 21 It is possible that rmay 
vary among populations. We assumed that the for copepods is almost similar to the Tfor 
cladocerans and larvaceans. However, this assumption may be not valid because copepods 
may have stronger carapace than cladocerans and larvaceans. Shorter time may be required to 
digest cladocerans and larvaceans than copepods. Thus, T used for cladocerans and 
larvaceans in this study were conservative estimates. T obtained in the our experiment must 
be interpreted carefully. We assumed that T recorded in artificial laboratory conditions was 
similar to that in the natural environment. We also assumed that handling and temperature 
change did not affect r significantly. However, high energy demand under stressful 
conditions may increase r in a laboratory study. 
4.57. Predation impact 
Bone et al. (1991) estimated that the biomass of chaetognaths is equivalent to 10-30 % 
of the biomass of the copepods in the world oceans. Chaetognaths are expected to be capable 
of cropping a substantial part of the mesozooplankton population. Though Flaccisagitta 
enflata was usually the most abundant chaetognath, its predation impact on copepods were 
low. Reported values include < 1 % in Chesapeake Bay (Bushing and Feigenbaum, 1984), 
0.3-1.2 % in Marion Island, Southern Indian Ocean (Froneman et al., 1998)，0.08-0.12 % in 
Western Mediterranean pelagic water (Duro and Saiz, 2000) and 1 % in Zanzibar Channel, 
Western Indian Ocean (0resland, 2000). In this study, the predation impacts on copepods 
ranged form 0 to 1.14 %. It is comparable to values reported in previous studies. 0resland 
(2000) suggested that predation impact less than 1 % of the total copepod population per day 
is negligible in tropical oceans, where the copepodite development is rapid. We concluded 
that the predation impact ofF. enflata on copepods is negligible in this study. However, the 
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predation impact on cladocerans (0-7.71 %) and larvaceans (0-6.19 %) were much higher, 
suggesting that F. enflata was removing substantial proportions of the larvacean and 
cladoceran populations. 
4.6. Conclusion 
Though copepods were most common prey of Flaccisagitta enflata, cladocerans and 
larvaceans were more preferred prey. The predation impact of F. enflata on copepods was 
negligible in the subtropical coastal waters of Hong Kong. In contrast, the predation impact 
on cladocerans and larvaceans were more significant. Substantial proportion of cladocerans 
and larvaceans were removed daily. 
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Chapter 5. Conclusion 
This study has provided information on the occurrence and distribution of chaetognaths 
in coastal waters of northeastern Hong Kong. A total of 20 species was recorded in the study 
period from July 2003 to July 2005. Nineteen of the 34 species previously recorded in the 
South China Sea were also recorded in this study. The most abundant species were 
Flaccisagitta enflata, Aidanosagitta neglecta and Aidanosagitta delicata. Tolo Harbour 
supported larger populations, but fewer species of chaetognaths than the surrounding open 
waters. These observations suggest that some species of chaetognaths were carried into the 
coastal waters of Hong Kong by water currents from the South China Sea and established 
large populations in the productive and poorly flushed waters of Tolo Harbour. 
Adult Flaccisagitta enflata carried out more active vertical migration than the juveniles. 
Food availability, pynocline and hypoxia do not affect the vertical distribution of F. enflata. 
F. enflata always fed more actively at night. 
Though copepods were the most common prey of Flaccisagitta enflata’ larvaceans and 
cladocerans were the more preferred prey. The predation impact of F. enflata on copepods 
was negligible in the subtropical coastal waters of Hong Kong. In contrast, the predation 
impacts on cladocerans and larvaceans were more significant. Substantial proportion of the 
cladocerans and larvaceans were removed daily. 
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